Stereodynamics at the gas-liquid interface provides insight into the important physical interactions that directly influence heterogeneous chemistry at the surface and within the bulk liquid. We investigate molecular beam scattering of CO2 from a liquid perfluoropolyether (PFPE) surface in vacuum [incident energy Einc ‫؍‬ 10.6(8) kcal/mol, incident angle inc ‫؍‬ 60°] to specifically reveal rotational angular-momentum directions for scattered molecules. Experimentally, internal quantum state populations and MJ distributions are probed by high-resolution polarization-modulated infrared laser spectroscopy. Analysis of J-state populations reveals dual-channel scattering dynamics characterized by a two-temperature Boltzmann distribution for trapping-desorption and impulsive scattering. In addition, molecular dynamics simulations of CO2 ؉ fluorinated self-assembled monolayers have been used to model CO2 ؉ PFPE dynamics. Experimental results and molecular dynamics simulations reveal highly oriented CO2 distributions that preferentially scatter with ''top spin'' as a strongly increasing function of J state.
D
ynamics at the gas-liquid interface significantly influences important heterogeneous chemical reactions in the atmosphere (1), aerosols (2) , membranes (3), and beyond. Surface and liquid-phase chemical reactions involve mechanisms that include direct scattering, trapping, surface diffusion, and solvation. To increase our understanding of interfacial dynamics, molecular beam experiments (4-7) and high-level theoretical simulations (8) (9) (10) (11) (12) have investigated the important chemical and physical properties that determine whether a gas molecule sticks or directly scatters from a surface. Previous work (13) (14) (15) (16) in our laboratory has focused on interactions between CO 2 and lowvapor-pressure perfluorinated polymer liquids {Krytox 1506 (DuPont); F-[CF(CF 3 )CF 2 O] 14 -CF 2 CF 3 } to understand how the final rovibrational states of the linear projectile are influenced by the path of a scattered molecule. The goal of the present work is to investigate the stereodynamics of the gasliquid collision event by studying angular momentum projections. Specifically, we use polarized laser light ( Fig. 1) to measure low-order moments of the scattered M J distribution, revealing CO 2 scattering from the liquid surface in a highly oriented, ''top spin'' sense of end-over-end tumbling.
Pioneering gas-liquid scattering studies (4-6) used time-offlight mass spectrometry to measure kinetic-energy distributions and sticking coefficients. Recent developments in laser-based detection (13) (14) (15) (16) (17) (18) (19) have provided complementary information about the internal states of the scattered molecules and the role they play in the dynamics. The prevailing paradigm for gas-liquid dynamics involves a projectile colliding with the surface through two distinct pathways: (i) trapping-desorption (TD) and (ii) impulsive scattering (IS). The physical picture for TD trajectories entails extensive collisional equilibration at the interface, which causes the CO 2 to desorb in a cos( scat ) pattern (6) with Maxwell-Boltzmann energy distributions characteristic of the surface temperature (T S ) (20) . In contrast, the IS channel involves only a few collisions (14) , allowing the CO 2 projectile to retain a significant fraction of its incident energy. Interestingly, this small, but finite, number of collisions is able to achieve final rotational/translational distributions well characterized by an IS temperature, albeit where T IS Ͼ Ͼ T S (13) (14) (15) (16) . Such a temperature-like description of the IS channel contrasts drastically with the rainbow-like rotational distributions often observed in gassolid scattering (21) (22) (23) (24) and highlights the qualitative differences between atomically flat solid surfaces and dynamically rough liquid interfaces.
Stereodynamical studies at the gas-liquid interface provide another opportunity to compare with gas-metal scattering, where, for example, elegant studies of orientation (22) and alignment (21) in N 2 ϩ Ag(111) have led to a detailed physical picture of the collision dynamics. These experiments show that N 2 recoils from the surface in an oriented state, where the sign of the orientation depends on the scattering direction with respect to the specular angle ( spec ), i.e., the in-plane reflection of inc . For example, subspecular trajectories ( scat Ͻ spec ) exhibit back spin, specular events ( scat Ϸ spec ) show small top spin, and superspecular angles ( scat Ͼ spec ) generate a rotational state-dependent orientation that changes sign from backward to forward as J increases. This sign change reflects a competition between forward and backward torques that depends on the angle of contact for N 2 striking the flat Ag(111) surface. From this point of view, the sign of CO 2 orientation upon scattering from PFPE tells us the directions of imparted torque, whereas the magnitude reflects the degree of surface corrugation.
Further elucidation of the IS channel dynamics remains a major focus of ongoing experimental and theoretical investigation. For example, a powerful model system for gas-liquid scattering studies involves self-assembled monolayers (SAMs), for which density, compressibility, and surface roughness can be nearly identical to those of the liquids investigated (16) . Theoretical efforts have complemented experimental scattering studies with large-scale molecular dynamics (MD) simulations based on high-level ab initio potentials for the gas-SAM interaction. Indeed, theoretical simulations of CO 2 ϩ CF 3 (CF 2 ) 7 S-Au (FSAMs) (9) have reproduced state-resolved results from CO 2 ϩ PFPE experiments with remarkable accuracy (9, 16) . The success of such combined efforts provides motivation for stereodynamical gas-liquid scattering studies based on (i) polarized-laser absorption measurements for CO 2 ϩ PFPE and (ii) MD simulations for CO 2 ϩ F-SAMs. Specifically, we explore M J distributions as a function of final CO 2 quantum state J that elucidate the propensity for top vs. back spin as CO 2 scatters from the surface.
Results
Experimental Configurations. Jet-cooled CO 2 molecules in H 2 (E inc ϭ 10.6 kcal/mol) strike the liquid surface in the x-z plane (z is surface normal) at an incident angle ( inc ) of 60°, which in a simple physical picture predicts preferential rotational excitation of CO 2 with J pointing along the ϩy (top spin) or Ϫy (back spin) direction. The resulting distribution of M J states influences the absorption (A) of right (RCP) and left (LCP) circularly polarized light, yielding a circular polarizance (P cir ) defined by
In analogous fashion, the linear polarizance (P lin ) reflects differential absorption for linearly polarized light parallel vs. perpendicular to the surface. Using Fano-Macek theory (25, 26) , we relate the two polarizances to the lowest moments of the multipole expansion for the spatial distribution of J. For this study, we restrict our attention to P cir with experiments that are most sensitive to the lowest orientation (O 1-) moment. We probe the scattered CO 2 absorption and polarizance signals in two different laser geometries ( Fig. 2 A and B) . In both cases, the incident molecules travel toward the surface in the x-z plane. The laser direction differs, however, from propagating along the y axis ( laser ϭ 90°) to along the x axis ( laser ϭ 0°). The two detection schemes permit a simple test for the symmetry of the scattering geometry. As CO 2 collides with the surface, the probability to tumble forward or backward (i.e., J y /͉J͉) can be both finite and J dependent, whereas the probability to tumble left or right (i.e., J x /͉J͉) should be identical. Thus, any collision- Pb-salt diode laser is rotated between right (RCP) and left (LCP) circular polarization at 37.5 kHz by a photoelastic modulator (PEM). The laser beam passes above a liquid surface to detect scattered CO 2 from a supersonic molecular beam (Einc ϭ 10.6 kcal/mol, inc ϭ 60°). Birefringence due to nonuniform MJ distributions causes a 37.5-kHz modulation on the absorption signal, which is demodulated with standard lock-in techniques to obtain the circular polarizance (P cir).
Fig. 2.
Laser probe configurations (Left) for CO2 scattering where the laser propagates along the y axis (laser ϭ 90°) (A) and the x axis (laser ϭ 0°) (B). In both cases, the molecular beam is directed at the surface at inc ϭ 60°in the x-z plane. Sample absorbance (Center) and polarizance profiles (Right) are plotted for J ϭ 40, where each profile has been fit with a line shape detailed in the text.
induced orientation in the scattered CO 2 will be detected only in the laser ϭ 90°configuration, with P cir identically 0 in the laser ϭ 0°configuration. At a more subtle level, the two laser probe configurations also detect CO 2 scattered into different spatial directions. For example, laser ϭ 0° (Fig. 2b ) reflects a probe geometry that samples in-plane forward and backward scattering (along the x-axis), whereas laser ϭ 90° (Fig. 2 A) reflects preferential sampling of molecules scattering in the forward direction near the specular angle ( scat Ϸ 60°).
Incident Molecular Beam Characterization. Before each scattering study, the internal state distribution and translational energy are characterized for the incident CO 2 beam. Absorption profiles are recorded for J states in both the ground-state (00 0 0, J ϭ 0-54) and excited-state (01 1 0, J ϭ 0-38) vibrational manifolds. † Each absorption profile is integrated over all detuning frequencies to yield a column-integrated density (A v,J ) for CO 2 in a given quantum state. In a standard Boltzmann analysis, the populations are scaled by Hönl-London factor (S J ) and 2 J ϩ 1 degeneracy and logarithmically plotted against E rot ϭ B CO 2 J(J ϩ 1). Our analysis indicates that the supersonic expansion cools the CO 2 rotational temperatures to T rot Ϸ 15 K for both the 00 0 0 and 01 1 0 states, whereas comparison of populations in each bend manifold reveals a vibrational temperature of T vib Ϸ 175 K. Translational energy in the molecular beam is measured directly with a microphone in a time-of-flight configuration (13), with gas pulse arrival time recorded as a function of downstream distance to yield a centerline speed of 1.41(9) ϫ 10 5 cm/s, which corresponds to E inc ϭ 10.6(8) kcal/mol.
Quantum State Populations.
With the wheel assembly in place, absorption profiles are again recorded for all J states within the tuning range of the diode laser. Sample absorption profiles for the P(40) transition are plotted in Fig. 2 for both detection configurations. Scattering in the laser ϭ 90°configuration (which predominantly samples specular-scattered components) reveals a Gaussian line shape of width ⌬ D ϭ 189(3) MHz. This width is 3-fold larger than the skimmed incident beam width and reflects Doppler broadening due to out-of-plane scattering events. In contrast, the absorption profile for the laser ϭ 0°c onfiguration samples primarily in-plane scattering events, leading to a complicated structure of multiple overlapping peaks. Although detailed analysis of such Doppler profiles as a function of J state will be discussed elsewhere, this structure can be decomposed into a sum of TD and IS components. The TD component reflects a single Gaussian at the centerline transition frequency and equilibrated with the surface temperature. The IS component, on the other hand, involves one or more quasiGaussian profiles shifted from the rest frequency because of impulsive scattering in the forward direction, but where the observed Doppler line shapes have been symmetrized by the multipass probe geometry.
Rotational state populations for the scattered CO 2 are determined by integrating absorption profiles to generate column densities, correcting for minor (Ͻ 3%) contamination due to uncooled species in the incident molecular beam. We exploit a simple two-temperature Boltzmann model that has described CO 2 scattering from PFPE over a range of incident conditions (13) (14) (15) (16) . The model partitions the total flux into the sum of TD and IS population components, whereby both populations are thermal but can be characterized by different temperatures. The quantum-state populations are fit to extract TD and IS rotational temperatures along with the microscopic branching ratio between the two channels. Specifically, the data are fit to
where ␣ is the TD sticking coefficient and P is the normalized Boltzmann factor for either rotation or vibration (13) . As explicitly verified in previous temperature-dependence studies (16), we assume thermal equilibration of the TD component and fix T rot (TD) ϭ T S ϭ 298 K to reduce parameter correlation in a nonlinear least-squares fit of the data. Results from this analysis are used to normalize the internal state populations, which are plotted as fractional distributions in Fig. 3 for both laser ϭ 0°and 90°experimental geometries. The two-temperature fits are also plotted along with the individual TD (dotted) and IS (dashed) components. Direct comparison of the two distributions clearly shows a significant shift to higher J states for the laser ϭ 90°vs. 0°c
onfiguration. This shift corresponds to substantially hotter rotational excitation for forward scattering into scat Ϸ 60°at laser ϭ 90°, as opposed to the column-integrated results over the much broader range of scattering angles sampled at laser ϭ 0°. More quantitatively, the fractional sticking coefficient and IS rotational temperature are ␣ ϭ 0.29(3) and T rot (IS) ϭ 1,220(40) K, respectively, for the laser ϭ 90°configuration. These values reflect a nearly 50% lower-sticking probability and higherrotational excitation than the ␣ ϭ 0.50(2) and T rot (IS) ϭ 920(40) K values noted for the corresponding laser ϭ 0°configuration. Interestingly, extracted vibrational temperatures reveal inefficient translation-to-vibration energy transfer, where T vib Ϸ 235 K for both distributions. Although a complete understanding of the angle and J-resolved scattering events will require extensive analysis of the state-dependent Doppler profiles, these results † The notation (1 2 l 3) characterizes the vibrational state of CO2; the quantum numbers 1, 2, and 3 describe the symmetric stretch, bend, and antisymmetric stretch, and l is the vibrational angular momentum quantum number. clearly support a physical picture in which forward-scattering molecules sample larger torques at the gas-liquid interface. Circular Polarizance. In addition to absorption profiles, sample demodulated polarizance signals (A RCP Ϫ A LCP ) are plotted for both probe geometries in Fig. 2 Right. The signals immediately reveal nonequilibrium dynamics within the total population of scattered molecules. In terms of isolating IS from TD contributions, detailed balance considerations prevent a conclusive assignment of the M J signal to one specific scattering channel. Even so, a simple line shape analysis provides a glimpse of the IS channel, if we once again assume the TD component thermally equilibrates with the surface. For example, a Gaussian fit of the polarizance line shape reveals ⌬ D ϭ 246(5) MHz, which is nearly 2-fold broader than any expected contribution for processes equilibrated with the surface temperature. In addition, the polarizance line shape is considerably broader than the 189(3)-MHz Doppler width for the absorption profile, which reflects mixed contributions from both TD and IS events. Therefore, the additional broadening observed in the polarizance line shape reflects the contribution of molecules from the IS channel.
Of key importance to stereodynamics, the frequencydependent signals for the laser ϭ 90°configuration show positive circular polarizance with a peak value of Ϸ ϩ1.5 ϫ 10 Ϫ3 . The sign of the polarizance indicates that RCP (⌬M J ϭ ϩ1) preferentially absorbs compared with LCP (⌬M J ϭ Ϫ1), where the laser propagation (k ʈ y) is taken as the quantization axis. Based on Hönl-London transition dipole moment () expressions, M Jdependent absorbance for (k ʈ y) is A ϰ ͉ x Ϯ i z ͉ 2 for RCP (ϩ) and LCP (Ϫ), where M J is the projection of J on the y-axis. Explicitly,
where upper/lower signs denote RCP/LCP, respectively. These values can be combined to yield the circular polarizance,
Because of this relationship, preferential absorption with RCP requires an excess CO 2 population at J ϭ 40 in M J states with a positive sense of end-over-end tumbling, i.e., top spin (J y /͉J͉ Ͼ 0) vs. back spin (J y /͉J͉ Ͻ 0). We have investigated P cir as a function of the final J state, where the demodulated signals for all CO 2 transitions are integrated over all Doppler-detuning frequencies to reflect both in-plane and out-of-plane scattering signals. The complete set of circular polarizance data is plotted as a function of J in Fig. 4 for each of the two probe geometries, illustrating several important ideas. First, P cir is zero for J ϭ 0 for both probe geometries because vanishing orientation of the angular momentum is to be expected for only a single M J ϭ 0 state. Second, the P cir values for laser ϭ 90°rise smoothly from zero and demonstrate a consistent increase in polarizance as a function of final rotational state. Such behavior at low, but nonzero, J values is not required by the number of M J levels, but instead implies a strong coupling between (i) the magnitude of torque at the gas-liquid interface and (ii) the degree of orientational anisotropy in the M J distributions. Third, the circular polarizance evolves into large, positive values as high as 20% for J Ϸ 50, which is consistent with glancing-angle torques at the gas-liquid interface generating strong rotational top spin in the scattered flux. Finally, P cir for the laser ϭ 0°configuration (k ʈ x) remains at zero within uncertainty for all J states, with an upper limit no greater than 5% of that noted for laser ϭ 90°. As one might expect, P cir Ϸ 0 is consistent with the natural average symmetry of the liquid surface, which for laser ϭ 0°corresponds to scattering with equal probabilities for J x /͉J͉ Ͻ 0 and J x /͉J͉ Ͼ 0 events. Molecular Dynamics Simulation. In the CO 2 ϩ F-SAMs simulation depicted as an Inset in Fig. 5 , the x, y, and z components of the final angular momentum provide the classical analogy to M J distributions for scattered CO 2 off of PFPE. To probe stereodynamics in the scattered CO 2 , we calculate the J y distributions as a function of J, which can be compared with the analogous P cir experimental results for laser ϭ 90°. To obtain P(J y ), the rotational quantum state (J) is determined from the classical angular momentum, j, by the relationship j ϭ ͌ J(J ϩ 1)ប. For each of the 15,206 trajectories, the final J y is divided by ͉J͉, sorted by J into groups of five to decrease statistical uncertainty, and then binned from J y /͉J͉ ϭ Ϫ1.0 to 1.0.
The distributions illustrated in Fig. 5 reveal how these J y /͉J͉ histograms for J Ϸ 0, 20, 40, and 60 evolve as a function of rotational state. At low J, the distribution is nearly uniform from ϪJ y to ϩJ y , which indicates that CO 2 scatters with no preferred sense of direction for J. As J increases, however, the dynamics changes qualitatively. The probabilities are strongly shifted toward the ϩJ y direction, with the most dramatic effects occurring at the highest rotational states. This evolution in P(J y ) closely parallels the experimental measurements of P cir , where the degree of orientation is nearly zero at low J and grows substantially into forward top spin (J y /͉J͉ Ϸ 1) with increasing rotation. Our current efforts include a more explicit comparison between experiment and theory through the three lowest moments of the angular-momentum distribution (A 0, A 2ϩ , and O 1-), each of which requires linear polarizances from experiment or P(J x )/P(J z ) distributions from simulation.
Discussion
The majority of previous quantum-state-resolved gas-surface studies have been diatomic molecule and metal systems, which include NO ϩ Pt(111) (24) , NO ϩ Ag(111) (23) , and N 2 ϩ Ag(111) (21, 22) . The results of these studies provide an extraordinary physical picture for the interfacial dynamics of a molecular gas and metal surface. In a similar fashion, we see dramatic orientation effects for CO 2 scattered from perfluorinated liquid surfaces. To compare gas-liquid with gas-metal scattering, we return to the N 2 ϩ Ag(111) system (22) , where orientation depends on the direction of the scattered molecule. For example, N 2 tumbles forward when scattered in the specular direction, where the difference between top and back spin is Ϸ4%, and the trend is relatively independent of J. In contrast, CO 2 scattered from PFPE shows a strong J dependence, in which the high rotational states reveal a difference of Ϸ20% between top and back spin. While the sense of direction is the same, the magnitude and J dependence of the effects are much larger for CO 2 ϩ PFPE compared with N 2 ϩ Ag(111). Such contrast implies significantly different behavior between liquid and solid surfaces for impulsively scattered molecules, where variations in surface roughness clearly influence the degree of final orientation. As a simple first-order assessment, capillary-wave models estimate a surface displacement of ␦ rms Ϸ 5 Å for PFPE (16) , which is nearly 4-fold larger than atomically flat Ag(111). Beyond capillary waves, local molecular structure in the liquid provides atomic-scale roughness to torque CO 2 into oriented distributions with tangential forces that are determined, for example, by the length and anisotropy of the carbon-fluorine bonds. Such effects might be evident in the stereodynamics of molecules scattering from liquid metals, which would provide a fascinating intermediate step between relatively ''soft'' perfluorinated liquids and relatively ''dense'' metal crystals.
As with gas-metal scattering, the final scattering direction for CO 2 ϩ PFPE influences the two-channel scattering dynamics. Notably, ␣ and T rot (IS) differ significantly between the two experimental configurations probed in this study. A possible explanation of this difference involves the laser detection geometry and the distinct TD and IS scattering patterns. The TD fraction has been modeled as a point effusive source that results in a cos( scat ) angular pattern. The IS angular distribution appears to be more complicated, as indicated by the line shape analysis of the absorption profile for the laser ϭ 0°configuration in Fig. 3b . The offset Gaussian line shape suggests a shifted distribution in v x , a rotated lobular angular distribution, or perhaps a combination of the two. As a guide, angular studies of O ϩ C 30 H 62 (l) (7) reveal cos( scat ) behavior for TD and lobular distributions peaked at subspecular final angles for the IS component. If CO 2 ϩ PFPE were to scatter in a similar forwardpeaked fashion, we expect that our near specular-scattering geometry at laser ϭ 90°would exclude any back-scattered flux component, thereby lowering ␣. The laser ϭ 0°configuration, however, detects both forward-and backward-scattered molecules, which would tend to increase ␣ by sampling over the entire TD component. The combination of both perspectives within ongoing state-dependent line shape analysis provides the opportunity to characterize the total angular scattering distribution for the two-channel dynamics, and thereby the sticking probability for all scattered molecules.
Conclusion
Orientation effects in the stereodynamics of gas-liquid scattering have been measured experimentally, exploiting high-incident energy collisions of CO 2 at glancing angles from perfluorinated liquid surfaces. Direct absorption of circularly polarized light reveals that CO 2 tends to scatter from the surface with forward end-over-end top spin. The magnitude of this effect increases smoothly from zero to large positive values as a function of rotational excitation. Additionally, an F-SAMs surface has been used to model PFPE in molecular dynamics simulations, which have qualitatively confirmed the sense of orientation observed experimentally. The presence of orientation indicates nonthermal-scattering dynamics, which have been characterized by a two-temperature Boltzmann distribution. Areas for further investigation include additional characterization of linear polarizances and therefore J-state-dependent CO 2 alignment for both laser ϭ 0°and laser ϭ 90°laser probe geometries. In conjunction with the current orientation information, alignment data will yield lowest-order moments of the angular-momentum spatial distribution for direct comparison with molecular dynamics simulations and previous gas-metal-scattering studies.
Materials and Methods
Gas and Surface Preparation. Fig. 1 shows the key components of the experiment. The incident CO2 molecules are prepared in a skimmed supersonic molecular beam generated from a piezoelectric-controlled pulsed valve (27) , where a 10% mixture of CO2 in hydrogen (100 torr) passes through a 500-m pinhole. The molecular beam impinges upon a clean liquid surface in vacuum prepared by methods developed by Lednovich and Fenn (28) . To generate a freshly renewed scattering target, a 15-cm glass wheel is partially submerged in a 300-ml reservoir of PFPE liquid. An external motor rotates the wheel through PFPE at 0.5 Hz, viscously dragging a thin layer of liquid onto the glass. A stainless steel razor blade scrapes away the top layer to expose a 0.5-mmthick clean liquid surface. Pulsed-valve and liquid-wheel assemblies are enclosed in a 60-liter aluminum vacuum chamber, with a 6-inch liquid N 2-trapped diffusion pump achieving base pressures of 3 ϫ 10 Ϫ5 torr throughout the experiment.
High-Resolution Direct Absorption. Direct absorption with a tunable Pb-salt diode laser (1-2 W, ϭ 4.3 m) probes the 3 asymmetric stretch of CO2 in both the ground vibrational state (00 0 0) and the degenerate bend-excited state (01 1 0). Laser light is collimated and split into multiple beams to record Fig. 5 . Jy/͉J͉ probability distributions from molecular dynamics simulations of CO 2 ϩ F-SAMs. The scattering geometry is illustrated as an Inset, where the CO 2 impinges upon the surface in the x-z plane with Einc ϭ 10.6 kcal/mol and inc ϭ 60°to match experimental studies. The distributions illustrate a strong propensity for forward end-over-end tumbling (top spin) with increasing J state.
the (i) scattered CO2 absorption, (ii) absolute frequencies with a CO2 reference gas cell, and (iii) relative frequencies with transmission fringes from a confocal Fabry-Pé rot etalon. To measure absorption and polarizance, a linear MgF 2 Rochon polarizer and photoelastic modulator (PEM) are used to generate RCP and LCP light. The PEM comprises a ZnSe crystal stretched/compressed at 37.5 kHz with two piezoelectric bars to create stress-induced birefringence oscillating along one of the two main crystal axes. The rotation is nearly sinusoidal and can be varied through any elliptical polarization by changing the amplitude of the crystal's oscillation. The correct amplitude for circular polarization involves passing the rotating light through a Babinet-Soleil compensator, which acts as a quarter waveplate to turn LCP back into the original linear polarization and RCP into the orthogonal linear state. The beam then passes through a second Rochon polarizer in a cross-configuration to extinguish RCP and transmit LCP. The PEM amplitude is increased until the transmission varies between zero and a maximum value, which indicates the oscillating polarization to be circular at the two extremes.
Once the PEM is calibrated for oscillation between RCP and LCP, the compensator and second polarizer are removed for the scattering experiment. The light enters the vacuum chamber, where it passes 1 cm above the liquid surface in a 14-fold multipass configuration (29) before being detected on a liquid N 2-cooled InSb photovoltaic detector. Collision-induced molecular orientation in the scattered CO 2 causes birefringence to appear as a 37.5-kHz modulation in absorption when the laser is resonant with a CO 2 rovibrational transition. An idealized time trace is sketched in Fig. 1 to show the absorption signal before, during, and after the gas pulse scatters from the surface. The electronic signal is split and processed to extract P cir in the following manner. A computer-controlled analog to digital converter records the unmodified absorption signal (1 s bin time, 2 ms total), which corresponds directly to (A RCP ϩ ALCP)/2. To determine (ARCP Ϫ ALCP), the InSb signal passes through an active high-pass filter, where it is heterodyned against a 37.5-kHz reference signal from the PEM by using standard lock-in techniques. A low-pass filter removes the 2f component from the demodulated signal, which is directly proportional to (ARCP Ϫ ALCP). The time trace from the demodulated signal is sent to a second analog to digital converter that records the polarizance signal as a function of the laser scan frequency. Doppler absorption and polarizance profiles are then generated by integrating the rising edge of the time trace from 25% to 75% of the peak value.
Molecular Dynamics Simulation.
We have performed molecular dynamics simulations based on the CO2-F-SAMs interaction potential of Martínez-Nú ñ ez et al. (9) . The F-SAM surface in the simulation consists of 48 chains of the CF3(CF2)7S radical adsorbed onto a single layer of 225 Au atoms (9) . Each trajectory starts 25 Å above the F-SAM surface (TS ϭ 298 K) with the incident CO2 velocity (Einc ϭ 10.6 kcal/mol, inc ϭ 60°) uniformly sampling the central unit cell and initial J sampled from a 15 K rotational temperature distribution. The incident azimuthal angle is randomly selected from 0 to 2 to average over effects due to the Ϸ12°tilt angle of the CF3(CF2)7S backbone in the F-SAM surface. Throughout the simulation, the trajectories are integrated with a fixed step size of 0.3 fs by using the Adams-Moulton routine in VENUS05 (http://cdssim.chem.ttu.edu/index.jsp). The simulation ends when the CO 2 center of mass reaches its initial starting height with vz Ͼ 0; we then determine final CO 2 translational, rotational, and vibrational energies from Cartesian coordinates and momenta of each atom, where z is the surface normal and the initial CO2 velocity starts in the x-z plane.
